The epididymis serves a critical function of preparing the male germ cells for fertilization. In order for the epididymis to carry out this role it must undergo a highly coordinated succession of molecular and morphogenic events during development. These events begin with the formation of the Wolffian or nephric duct, the embryonic precursor of the male reproductive system, and end with the three-dimensional coiled postnatal epididymis that is comprised of several distinctly functional segments. How the duct changes from a simple straight tube to a highly convoluted structure will be the focus of this article. In reviewing the literature's current understanding of epididymal morphogenesis, we will highlight some of the classic morphological studies and discuss some of the more recent genetic models that have all served to contribute to our understanding of this system. Where published information is scarce we will provide potential hypotheses that warrant further investigation and may open up new directions of exploration using the epididymis as a model for tubular morphogenesis.
Introduction
Perhaps one the least studied epithelial tubes, from a morphogenic perspective, is the epididymis. Derived from the anterior Wolffian (or mesonephric) duct, the adult epididymis reaches over 1 m in the mouse, 3 m in the rat, an admirable 6 m in the human and an extraordinary 15-18 m in the stallion (Jiang et al., 1994; Maneely, 1959; Stoltenberg et al., 1998; Takano et al., 1981; Turner et al., 1990; Von and Neuhaeuser, 1964) . In the mouse, the Wolffian duct is approximately 1 mm at embryonic day 14 (E14), which means it must grow over 1000 times its length within a defined space (Fig. 1) . However, this is not simply an elongation event, the epididymal tube is folded into a highly organized structure comprised of many lobules/ segments, each with distinct morphology and function, that can be grouped into roughly five gross anatomical regions: initial segment, caput, corpus, cauda and vas deferens. The division of the epididymis into different regions or segments has been the topic of considerable discussion and the reader is referred to several articles (Hinton and Turner, 2003; Robaire and Hinton, 2002; Robaire et al., 2006) .
It is clear that tubular morphogenesis is a fundamental process during the genesis of many important organs including the brain, heart, kidney, lungs and intestine of many species. The epididymis is certainly no exception in that the survival of the mammalian species depends upon this organ being fully functional. Spermatozoa leave the testis neither fully motile nor with the ability to recognize or fertilize an egg but they acquire these abilities after passing through the epididymis (Bedford, 1967; Orgebin-Crist, 1968; Robaire et al., 2006) . This change in spermatozoa is referred to as sperm maturation and can take up to two weeks to complete. Hence, the elongation and morphogenesis of the Wolffian duct must be highly coordinated with its specialized function of providing an appropriate environment for sperm maturation.
Determining how an epithelial tube will elongate, expand, taper or fold is a fascinating developmental conundrum that has attracted much interest in recent years. From a developmental standpoint the creation of the kidney and epididymis are interrelated and so the unveiling of molecular events involved in kidney formation has contributed to our understanding of processes involved in epididymal organogenesis. While there are many differences in how these organs are created, the most obvious being the lack of branching morphogenesis in the epididymis, it is quite feasible that the elongation and patterning of folding share common processes and regulatory pathways in these two organs.
The events leading to the initiation of Wolffian duct formation will only be briefly discussed since there are a number of reviews that tackle this topic in considerable depth (Brandli, 1999; Herzlinger, 1995; Schultheiss et al., 2003; Vize et al., 1997) . Due to the paucity of information on Wolffian duct morphogenesis, much of what will be discussed will be based on a mixture of classical morphological studies, unpublished observations and sheer speculation. Furthermore, this review will focus primarily on the mouse since the majority of published studies have used this animal model.
Epididymal tubulogenesis
The epididymal duct precursor, known as the Wolffian duct, arises within the urogenital ridge during embryogenesis. Within the urogenital ridge there are three overlapping units known from anterior to posterior as the pronephros, mesonephros, and metanephros. The Wolffian duct first appears as short transient segments within the most anterior region of the pronephros and then as a continuous tube that runs the length of the urogenital ridge and terminates in the cloaca at the most posterior end of the embryo. Although, there are several ways by which biological tubes can form (Hogan and Kolodziej, 2002; Lubarsky and Krasnow, 2003; Nelson, 2003; Neumann and Affolter, 2006; Rosario and Birchmeier, 2003) it appears that the Wolffian duct is a result of the rearrangement of mesenchymal cells presumably involving convergent extension (Keller et al., 1985) and not elongation by cell proliferation (see discussion on this topic by Schultheiss et al., 2003) .
Epithelial formation
The processes that underlie the conversion of mesenchymal cells to ductal epithelia remain a topic of continuing research. There are several transcription factors that are known to be expressed before epithelial duct formation and are generally regarded as key regulatory signals during Wolffian duct establishment (Table 1) . These include the paired domain transcription factors Pax2 and Pax8, the homeodomain transcription factor Lim1, and Emx2 a mammalian homologue of a Drosophila head gap gene empty spiracles (ems). In the early embryo, all of these genes have been localized to the Fig. 1 . Stages of urogenital development. (A) E9, the mesonephros is visible and the pronephric duct exists as a solid structure. (B) E10, the pronephric duct has grown caudally through the urogenital ridge and contacts the cloaca. At this point the duct is now known as the mesonephric or Wolffian duct. Cranial S-shaped mesonephric tubules meet and adjoin with the Wolffian duct. (C) E11, a distinct genital ridge is present, in XY individuals this is the precursor to the testes. (D) By E12, the sexual differentiation of the gonadal ridge has begun and distinct testis cords are visible. (E) By E13, lumenization of the Wolffian duct has occurred. The diameter of the duct is approximately 20 cells or 45 μm; epithelial cell height increases to 18 μm. (F) E14, the testes become rounder in shape and testes cords are more developed. The coelomic vessel is prominent on the surface of the testes and efferent ducts appear to connect the testes to the Wolffian duct. (G) E16-18, the efferent ducts are coiled and the caput epididymis begins bending and coiling. At this time the posterior epididymis, cauda, remains a straight tube. (H) E19-P5, the entire epididymal tube is compacting and there is an increase in 3-dimensional coiling patterns that begin in the more anterior regions and progresses to the posterior regions, distal to the testis. M = mesonephros, MT = mesonephric tubules (future efferent ducts), WD = Wolffian duct, E = embryonic day, P5 = postnatal day 5 (Dyche, 1979; Hogan et al., 1994; Smith and Mackay, 1991; Theiler, 1989; Upadhyay and Zamboni, 1981). mesenchymal condensations that form the ductal component and later in development can be found expressed in the ductal epithelium (Dressler et al., 1990; Fujii et al., 1994; Miyamoto et al., 1997; Plachov et al., 1990) . These observations suggest involvement of these genes in the initial mesenchyme-epithelium transition. The generation and analysis of knockout animals has been imperative in our understanding of the function of these genes in Wolffian duct genesis. Mutant mice born without Pax2 lack several urogenital structures including kidneys, ureters and both male and female genital tracts, which is due to partial development and degeneration of the Wolffian duct (Torres et al., 1995) .While absence of Pax8 alone does not cause urogenital abnormalities, embryos lacking both Pax2 and Pax8 fail to undergo the mesenchyme to epithelium transition necessary for tube formation therefore leading to a complete absence of the Wolffian duct (Bouchard et al., 2002) . In the absence of Lim1, which is also thought to act as an early epithelial differentiator downstream of the Pax genes, there is a similar lack of Wolffian derivatives (Kobayashi et al., 2004) . In Emx2 null mice, although there is an initial formation of a Wolffian duct its structure degenerates very early in development and these animals also lack kidneys, ureters and gonads (Miyamoto et al., 1997) .
All of these transcription factors that are expressed before epithelial duct formation respond to signals from adjacent mesoderm and overlying ectoderm. In fact, the surface ectoderm has been shown to be essential in Wolffian duct tubulogenesis and in its absence there is a decrease in Pax2 levels (Obara-Ishihara et al., 1999) . Interestingly, BMP-4, which is regulated by the surface ectoderm, can functionally substitute for the ectoderm's presence and restore Wolffian duct initiation. It is probable that opposing factors originating from both the surface ectoderm and mesoderm are responsible for restricting the expression of these transcription factors to a specific domain of the intermediate mesoderm from which the duct arises. It appears that each of these transcription factors plays an important role in the cellular differentiation necessary for tubulogenesis. However, the exact mechanisms, redundancies and interactions between these factors and others remain unknown.
Mesonephric tubule formation
Early in mesonephric development mesenchymal condensations form along the anterior/posterior (A/P) axis of the Wolffian duct. These condensations undergo a rearrangement of their cell positioning to form a series of tubules known as mesonephric tubules. Those mesonephric tubules that are bound to the Wolffian duct in the anterior region (closest to the testis) are believed to be precursors of the efferent ducts.
The growth of mesonephric tubules along the Wolffian duct axis may be locally controlled by several factors (Table 1) . For instance, the zinc-finger transcription factor Wt1 and the homeobox gene Six1, both expressed in the mesenchyme surrounding the duct, specifically regulate formation of the more posterior mesonephric tubules by interfering with the mesenchyme-to-epithelial transition and subsequent rearrangement of cells (Kobayashi et al., 2007; Sainio et al., 1997) . Wnt9b is expressed in the inductive epithelia of the duct and is thought to act as a paracrine regulator of the mesenchyme-toepithelial transition. In animals devoid of Wnt9b there is an absence of all mesonephric tubules despite the normal formation of the Wolffian duct itself (Carroll et al., 2005) . Conversely, the forkhead transcription factor, Foxc1, provides a suppressive effect on mesonephric tubule formation (Kume et al., 2000) , likely by up regulating key cell death genes along the length of the duct. These data emphasize the importance of the mesonephric mesenchyme, which acts as both a structural and molecular scaffold for tubule outgrowth. In this cellular compartment two or more factors ultimately restrict mesonephric tubule growth by establishing a survival gradient within a defined region of the A/P axis. This survival gradient would be the region in which there is both an increased expression of growth promoters and a decreased presence of apoptosis regulators. The mesenchyme also provides a physical foundation with space constraints for tubule growth.
While the posterior mesonephric tubules regress, in males the anterior tubules fuse with the Wolffian duct and are believed to become the efferent ductules, which serve as a conduit between the rete testes and epididymis. The reason for the growth and subsequent regression of the posterior mesonephric tubules is unknown. However, morphological studies in the bovine have suggested that the mesonephric tubules that regress represent a primary population of tubules that form as a part of the excretory system (Wrobel, 2001 ). These primary tubules undergo budding, resulting in short tubular structures, the majority of which undergo immediate regression together with the primary mesonephric tubules. This observation is consistent with the presence of aberrant and blind ending 'efferent ducts' that have been described in several adult mammalian species (Guttroff et al., 1992) (Fig. 2) . Under this developmental model the definitive efferent ducts arise from a secondary set of tubules, which may correspond with the anterior tubules that connect with the Wolffian duct. It is therefore also possible that the blind ending efferent ducts are representative of those secondary mesonephric tubules that did not reach the Wolffian duct. One also cannot rule out the possibility that there exists a selection process among the original anterior mesonephric tubules, resulting in only one surviving tubule that is attached to the Wolffian duct. Potentially as this mesonephric tubule elongates toward the testis, it is able to undergo budding and branching resulting in the complex arrangement of efferent ducts that are seen in the adult. The presence of the blind ending efferent ducts found could represent terminated growth of a budded tubule.
Depending upon the precise age of the embryo, the arrangements and the attachments of the anterior mesonephric tubules to the Wolffian duct varies (see Sainio et al., 1997; Vazquez et al., 1998) . The patterns of attachment of the mesonephric tubules may either represent variations at different stages of development and/or differences between animals (Fig. 2) . The latter is the most likely given the considerable variation observed in the pattern of adult efferent ducts as shown by (Guttroff et al., 1992) . There is also a major difference in the number of efferent ducts that are observed between species, ranging from one in the opossum (Maruch et al., 1989) to 33 in the donkey (Mobilio and Campus, 1912) . In the mouse 3 to 5 efferent ductules have been recorded in the adult, while the rat is thought to have between 2 and 8 ductules (Vazquez et al., 1998) . It is unknown what regulates the number of efferent ducts in a species, or what genetic or environmental components could cause the variation observed within a species. 
Foxc1
Ectopic expression of excess mesonephric tubules Kume et al., 2000 In most mammalian species, the efferent ductules have multiple points of entry into the rete testis. In rodents these ductules converge into a common duct that feeds into the initial segment of the epididymis while in larger mammals, including the human, parallel efferent ductules form multiple entries into the head of the epididymis. This enormous variation between species leaves many questions about the ways in which efferent duct connections to the rete testes and epididymis are made.
One hypothesis may be that a mass of cells from the mesonephros migrates into the testis forming the rete testis (Upadhyay and Zamboni, 1981) . These mesonephric cells of the rete could produce factors of an attractive nature that stimulate the mesonephric tubules to elongate toward the testis and join with the rete resulting in direct connection of the lumina. In this arrangement there remains a biological border that prevents intermixing of cells originating from the genital ridge and mesonephros. While little in known regarding the mechanisms involved in mesonephric tubule connections, the expression of steroid hormone receptors in the epithelia of the early efferent ducts has been well documented. In the mouse, the efferent ducts were the first site of epithelial androgen and estrogen receptor expression in the reproductive tract (Cooke et al., 1991a,b) , this suggests the possibility of estrogen or androgen being the stimulative factor of tubule growth being produced by the testes.
Of particular fascination is the consistent pattern of the rodent efferent ductules to form a common collecting duct that funnels into the initial segment of the epididymis, while maintaining several points of entry into the rete. A possible hypothesis to explain this developmental phenomenon is that cells from the mesonephric tubules segregate into two cell lineages. At some point during elongation toward the testis, a portion of cells from the tubule migrate back toward the Wolffian duct and form the common efferent duct and a part of the initial segment. These cells retain their "embryonic need" for lumicrine factors (Hinton et al., 2000) secreted by the testis for their survival. This hypothesis would explain why only certain cells of the initial segment and no other epididymal cells undergo apoptosis when deprived of testicular luminal fluid factors. The remaining cells of the mesonephric tubules form the efferent ductules and develop their own cellular characteristics independent of testicular factors.
Of course these proposed hypotheses are not necessarily mutually distinct and experiments that track cell linage during development would help to elucidate the cellular mechanisms taking place that allow for the formation of the efferent ducts and head of the epididymis.
Elongation of the Wolffian duct
Transformation of the straight Wolffian duct into the complex and coiled components of the male reproductive tract requires considerable duct elongation combined with a morphogenetic program that is able to define boundaries and specify regional characteristics of the duct. This multifaceted process, which includes synchronized elongation and coiling, likely involves a combination of cell proliferation, cell shape changes, cell rearrangements, fluid secretion, apoptosis and/or possible cell division "hotspots" that contribute to coiling.
The Wolffian duct elongates stereotypically along a caudal path until it reaches the cloaca. A study by Grote et al. (2006) has suggested that Gata3, a transcription factor present in the Wolffian duct anlage, is at least partially responsible for guiding the Wolffian duct extension by controlling epithelial cell proliferation. Presumably, cell proliferation is the major contributor of Wolffian duct growth and results not only in duct lengthening but also duct thickening (Dyche, 1979) both of which are highly coupled to coiling ability. Measurements taken of the Wolffian duct during late gestation of the mouse, E13 to postnatal day 1 (P1), indicated that the number of cells per cross section increased from approximately 20 to 27, the cross sectional diameter of the duct increased from 40 μm to 50 μm and the cell height increased from 18 μm to 21 μm (Dyche, 1979) . These latter measurements indicate that changes in cell size would also contribute to Wolffian duct elongation.
Fluid secretion into the lumen has also been considered to be a driver of tube growth (Alcorn et al., 1977; Hooper and Harding, 1995; Lubarsky and Krasnow, 2003) and since a patent lumen is observed in the mouse Wolffian duct around day E13-14 (Dyche, 1979) , it would indicate that fluid is secreted into the duct around this time. The timing is critical because at day E13-14 the duct is straight and elongation and coiling is about to begin. By utilizing a fluorescent tracer it has become evident that at this stage of development testosterone can be transported via the lumen from the testes throughout the length of the duct (Tong et al., 1996) . It is well accepted that androgens can act via androgen receptors located in the mesenchymal compartment and contribute to Wolffian duct stabilization and subsequent elongation. In addition, epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF), both shown to be important in Wolffian duct stabilization, have been found in high concentrations in the adult rat rete testis fluid and could act as stimulators of tube growth (Cooke et al., 1991a,b; Kirby et al., 2003; Lan et al., 1998) .
Coiling of the Wolffian/epididymal duct
It is quite feasible to imagine that the mesenchyme surrounding the developing epididymis might vary in its instructive properties that effect not only cell proliferation, but also coiling and differentiation of the epithelia. A morphogenic gradient formed within the mesenchymal compartment could be a means to induce folding differentially along the length of the duct. In this case, the gradient would be produced along the basolateral surface of the Wolffian duct via interstitial fluid flow (Rutkowski and Swartz, 2007) . When the morphogen(s) reached a critical concentration at a particular region, elongation and folding of that region would result. As a means to promote coiling one could also envisage cell division "hotspots", that is, epithelial cells dividing at discrete regions along the duct at a greater rate compared to other regions. The rapid proliferation of these hotspots in the Wolffian duct epithelium combined with the relative quiescence in proliferation of the mesenchyme would result in a space constraint for the elongating epithelium resulting in bending/ coiling of the duct at those points.
Studies from several investigators (Dyche, 1979; Staack et al., 2003; Tsuji et al., 1991) including our own unpublished observations (see also Robaire et al. 2006) have shown that the coiling of the mouse Wolffian duct from E14 to P1 begins in the proximal region nearest to the testis and progresses distally over time. Early in the development of the mouse epididymis, coiling occurs in only one plane, but from about E16-E18 three-dimensional (3-D) coiling is observed in the initial segment and caput regions (Hannema and Hughes, 2007; Staack et al., 2003; Tsuji et al., 1991) . Presumably, space limitations as dictated by the boundaries of the surrounding mesenchyme play a role in initiating the 3-D coiling (Fig. 3) . This would indicate that there is indeed active communication between epithelial cells and the surrounding mesenchyme such that the correct shape and size of that particular epididymal region is maintained. As development continues little three-dimensional coiling is observed in the corpus region but three-dimensional coiling is reinstated in the duct of the cauda region. Interestingly, coiling is not initiated in the vas deferens, which remains a straight tube originating from the cauda (Hannema and Hughes, 2007; Staack et al., 2003; Tsuji et al., 1991) . Hence, it seems plausible that during embryonic development the Wolffian duct receives "coil" and "do not coil," signals as well as "coil in a threedimensional manner" and "do not coil in a three-dimensional manner" signals. One simple hypothesis to explain the "do not coil signal" of the vas deferens may be the contribution of the thick layers of smooth muscle cells that surround this region of the duct and physically limit its coiling.
Regionalization of the epididymal duct
Region specific expression of several homeobox genes is important for the differentiation of the Wolffian duct into its morphologically and functionally distinct segments. The vertebrate Hox genes are the homologues of Drosophila homeotic genes, which are evolutionarily conserved transcriptional regulators that determine patterning (McGinnis and Krumlauf, 1992) . In the Wolffian duct, Hoxa and Hoxd genes, particularly 10, 11, and 13, exhibit unique patterns and functional roles along the anterior/posterior axis of the duct. Hoxa10 and Hoxa11 appear to work redundantly to define the boundary between the epididymis and vas deferens. Loss of Hoxa10 or Hoxa11 or both resulted in various degrees of transformation of the vas deferens into the coiled epididymal structure (Benson et al., 1996; Branford et al., 2000; Davis et al., 1995; Hsieh-Li et al., 1995; Podlasek et al., 1999) . On the other hand, Hoxa13 and Hoxd13 seem to have a gene dosage-dependent effect on formation of the mouse seminal vesicle and prostate, derivatives of the posterior Wolffian duct and urogenital sinus, respectively (Podlasek et al., 1999) . These genetic studies implicate that Hox genes serve as intrinsic programmers that establish the A/P pattern of the Wolffian duct. However, it remains unknown how these transcription regulators induce regional transformation of cell morphology and phenotype variation in different parts of the Wolffian duct.
One proposed mechanism is that these Hox genes control the expression of morphogens. It is reasonable to assume that cells in the Wolffian duct could acquire different phenotypes based on their distance from the source of the morphogen or morphogenetic field that is established along the A/P axis of the Wolffian duct. Differentiation of the anterior Wolffian duct into the coiled epididymis is a perfect model to study this possibility. At the time of birth, the anterior Wolffian duct is completely transformed into the caput, corpus, and caudal regions of the epididymis along the A/P axis. The vas deferentia are an extension of the cauda epididymis, positioned most distal from the testis, but vary from the cauda in cellular morphology, function and lack of coiling. We have recently found that inhibin beta A (Inhba), a component of inhibins and activins, is highly expressed in the mesenchyme of the anterior Wolffian duct (distal to the testis) and diminishes posteriorly before the onset of Wolffian duct morphogenesis (Tomaszewski et al., 2007) . The gradient of Inhba expression coincides with the degree of coiling in the epididymis (Fig.  4) . When the Inhba gene was inactivated in mouse embryos, the coiling of the caput epididymis was completely abolished (Tomaszewski et al., 2007 ). It appears that Inhba acts as a proliferationstimulating signal to the Wolffian duct epithelium as proliferation of the epithelium in Inhba knockout epididymis was significantly decreased and a loss of caput-characteristic coiling was observed.
Another example of a gene mutant showing a regional epididymal phenotype is the c-Ros knockout. This gene encodes an orphan tyrosine kinase receptor that is highly expressed in the initial segment of the mouse epididymis (Sonnenberg-Riethmacher et al., 1996) . The intriguing phenotype of the c-Ros null animal is the total absence of the regional characteristics that define the initial segment of the epididymis. While there are no apparent abnormalities in the remaining epididymal regions, the loss of initial segment causes male infertility that is at least partly due to the failure of the spermatozoa to regulate its volume once it enters the higher osmotic environment of the female reproductive tract (Yeung et al., 1999) . From a developmental point of view, the proximal region of the epididymis in the c-Ros null animal lacks the predominant vasculature that is characteristic of the initial segment in the normal mouse epididymis (Suzuki, 1982) . This lack of vascularization is also observed in the genetically female (XX) mice that carry the sex reversal factor from the Y chromosome known as XXSxr. XXSxr mice develop testes and male secondary sexual structures, however the initial segment region of the epididymis fails to develop (Le Barr and Blecher, 1987) . Therefore, it would be very interesting to understand the relationship between the development of the epithelium of this special epididymal region and how it relates to the development of blood vessels.
As previously mentioned the testicular fluid is a rich source of growth factors. In addition to the role of bFGF in stimulating cell proliferation, it also appears particularly important in establishing cellular characteristics and function of the initial segment (Tomsig and Turner, 2006) . bFGF has been found to act directly on receptors located in the adult rat initial segment (Kirby et al., 2003) . It is known that growth factors can differentially regulate gene expression, eliciting a variety of responses. In this case, these genes may function as signals for ductal elongation, coiling and/or cellular differentiation. Fig. 3 . Coiling of the Wolffian/epididymal duct from E14 to P1. (A) At E14 the epididymal duct is a straight tube that extends along the length of the organ, (B) Just 2 days later, at E16, the rapid growth of the duct causes the tube to curve and bend beginning in the anterior region, distal to the testis. (C) By E 18, the duct has planar bends along its length, and has begun the process of 3-dimensional coiling. Again, beginning in the most anterior region, the duct changes direction in the plane and twists into another plane, folding onto itself. The duct never completes a 360-degree turn, and therefore does not spiral. The coiling has been purposely opened in this figure to show the manner in which coiling occurs. (D) As the tube continues to elongate, constraints of the surrounding tissue presumably force the duct to compact even more, causing dense coiling in the anterior regions, which can be observed by P1. The more distal regions continue to lengthen and exhibit planar coiling. Note that the vas deferens, located immediately posterior to the epididymis, never coils and instead remains a straight tube that forms a continuation of the epididymal duct. Efferent ducts have been omitted from this diagram. E = embryonic day, P1 = postnatal day 1 (unpublished observations).
So the question here is, how can a single tube receive signals, that are often contradictory from one region to another, without one adjacent piece of duct being influenced by its neighbor? A possible clue is the formation of individual septa between the segments of the epididymis. Studies by Turner et al. (2003) have suggested a potential role of septa in the regulation of gene expression and segmentation in the epididymis. Although these studies were performed in the adult epididymis, we would like to extend this hypothesis by suggesting that the septa would play a role during the process of regionalization in the acquisition of segmental identity of the duct during embryonic and postnatal development. Our unpublished studies have shown that septa have fully formed by postnatal days 3-5 in the mouse epididymis. Having individual septa between different regions of the duct would allow for the secretion and concentration of morphogens/ stimulatory factors at discrete sites and therefore influence the cellular characteristics of that particular region. Interstitial fluid flow between segments may possibly affect the concentration of individual substances within each segmental region (Rutkowski and Swartz, 2007) . However, if it assumed that flow is very slow, as observed for other organs and tissues, then presumably this would not dramatically affect the final concentration of that substance being secreted (Rutkowski and Swartz, 2007) . The whole idea of septa playing a role in early development of the epididymis and in regulating gene expression in individual segments of the epididymis is very attractive. However, the expression of several genes is not restricted to one segment, but can overlap with other segments (see Robaire et al., 2006) . Hence, several segments appear to have similar gene expression patterns. Obviously, further studies are needed to clarify the role of these septa and to address whether they play a role during early development and/or in the adult epididymis.
Size and shape of the Wolffian duct
The enormous length of the epididymis reflects the important nature of this organ. The male gametes leave the testis as polarized cells that are functionally immature and that require differentiation in the epididymis to become motile and to acquire fertilizing capacity. This crucial developmental process requires sperm to interact with a progressively changing luminal environment regulated by region specific secretory and absorptive activities of the epididymal epithelium (Hinton and Palladino, 1995) . This process of sperm maturation involves extensive biochemical and physical remodeling of the sperm plasma membrane as well as structural changes in several intracellular organelles. In order for the epididymis to accomplish all of this in the two weeks it takes for sperm passage in the mouse, the organ has delineated the physiological processes that occur within each region and thus the size and shape of these regions reflects their function.
Although the vas deferens develops in close proximity to the epididymis, and is often considered an extension of the epididymal duct, it is distinguished by its function, cell morphology, and gene/ protein expression. The vas deferens originates as a straight tube from the coiled cauda epididymis and ends as the ejaculatory duct, which joins with the urethra as an exit from the body. The vas deferens is surrounded by layers of smooth muscle innervated by sympathetic nerves, whose stimulation propels sperm through the ejaculatory duct. Because humans do not have the bulbous cauda epididymis, characteristic in rodents, the proximal vas deferens serves as the storage area for sperm in man (Turner, 1991) .
For many years investigators have tried to understand how size and shape of particular organs is determined. Many of these studies have focused on using Drosophila as the model organism, for example, understanding the mechanisms that regulate wing shape and size. Through these studies, the hippo kinase pathway was discovered and is essentially a growth suppressive pathway that functions by simultaneously inhibiting cell proliferation while promoting apoptosis (see recent reviews by Buttitta and Edgar (2007) , Dong et al. (2007) , Harvey and Tapon (2007) , Lecuit and Le Goff (2007) , Pan (2007) , and Saucedo and Edgar (2007) . The mRNAs of several members of the pathway are highly expressed in the adult rat and mouse epididymis (Johnston et al., 2005) and therefore, it would be interesting to examine the role of this pathway during Wolffian duct development.
The size and shape of the epididymal duct may also be influenced by its attachments within the abdomen of the growing animal. The head of the developing epididymis is attached to the kidney by a ligament and the cauda region is attached to the lower abdominal wall by the gubernaculum. In the absence of insulin-like peptide 3 (INSL3) or its receptor Lgr8/Rxfp2, the gubernaculum fails to differentiate resulting in cryptorchidism, or a failure of testicular descent (Agoulnik, 2007) . Epididymal abnormalities are very commonly found in conjunction with cryptorchidism, including the failure of proper epididymal elongation and reduction in epididymal size (De Miguel et al., 2001; Kocak et al., 2001; Koff and Scaletscky, 1990) . Hence, as the animal grows and the testis and epididymis begin their descent, torsion forces are presumably generated across the entire organ, which may influence the growth and shape of the epididymis. Obviously, more studies are necessary to understand how the shape and size of the epididymis is determined.
Summary
The epididymis is formed from the anterior portion of the Wolffian duct and must undergo elongation, expansion, coiling and segmentation to morph from a straight tube to an elaborately convoluted organ. The complex interplay between the epithelial and mesenchymal cell compartments, the regional expression of genes, the establishment of morphogen gradients, and the exposure to testicular fluids makes the epididymis a challenging and incredibly fascinating model of morphogenesis. In this review we have summarized the current state of understanding in regards to epididymal tubulogenesis and morphogenesis, and where the literature was limited, we have speculated on ways in which the organ may undergo parts of this process. We hope that this review has brought attention to the many unanswered questions and illuminated avenues of research that may contribute to a broader understanding of this organ.
